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perovskite phase. This assembly proves reversible, as these 23 superlattice nanocrystals can be reversibly exfoliated back 24 into their building blocks via sonication. This study 25 demonstrates the opportunity to further understand and 26 exploit thermodynamics to increase order in a system of 27 nanoparticles and to study emergent optical properties of 28 a superlattice from 2D, weakly attracted, perovskite 29 building blocks. 30 C ompared to bulk perovskites, quantum confined perov-31 skites offer significant improvements, including stronger 32 exciton binding energies, increased photoluminescence quan-33 tum yield, longer photon lifetime and increased stability. 1−8 34 Over the years, various groups have tuned the dimensionality, 35 phase, and composition of perovskite nanocrystals. Typically, 36 we can synthesize perovskites from 0D quantum dots, 9 1D 37 nanowires, 10,11 to 2D nanosheets. 6, 12, 13 We can tune the 38 composition of ABX 3 perovskite by substituting various X-39 anions, A-and B-site cations. 14, 15 We can also tune the 40 arrangement of atoms in a perovskite crystal by tuning the 41 phase, 16, 17 due to the rich phase transitions available in the 42 halide perovskite system. These are all ways to engineer and 43 tune the optical properties at the atomic length scale. However, 44 by systematically arranging the connection between the 45 individual crystals themselves, we gain access to another level 46 of tunability at a greater length scale. It is widely reported that 47 superlattice nanocrystals offer emerging and interesting 48 properties that are not found in their individual building 49 blocks. 7, 18, 19 Typical strategies for creating such layered 50 superlattices rely on complex methods, such as DNA grafting, Figure S15 ). Compared 154 to the nanosheet's emission peak at 431 nm, the superlattice 155 nanocrystals show a slightly red-shifted emission peak at 440 156 nm ( Figure 3D ). Our previous work demonstrated that such Next, we used in situ synchrotron-based small-angle X-ray 160 scattering (SAXS), in combination with ex situ small-angle 161 XRD to monitor the self-assembly kinetics. Directly after 162 synthesis, we loaded the fresh solution into a 2 mm capillary 163 tube; we then took a SAXS scan periodically. At first, a weak 164 scattering pattern was observed. As the reaction time 165 progressed past 40 min, the weak diffraction peak at q (002) = f4 166 0.289 Å −1 increased ( Figure 4A ). The q (002) matches with the 167 (002) peak from the GIWAXS and powder XRD. The 168 increased intensity of the (002) peak indicates that as the 169 self-assembly progresses, the building blocks became more 170 ordered and stacked face-to-face, along the [00l] crystallo-171 graphic direction. After 90 min, higher order diffraction planes 172 appeared ( Figure 4A ). From the (002) and (004) peaks, we 173 can confirm the lamellar nature of the superlattices, with a 174 lattice parameter of 2.2 nm, matching the thickness of the 175 ligand covered building blocks. Figure 4B shows the peak 176 intensity evolution of the (002) and (004) diffraction as a 177 function of growth time. The strong periodicity along the [00l] 178 direction from in situ SAXS and ex situ XRD indicates a highly 179 ordered lamellar structure. Since we performed the in situ 180 SAXS experiment directly after synthesis, there inevitably exists 181 other nanoparticles (NP) in the solution. We attribute the q-182 vector at 0.228 Å −1 to the assembly of these coexisting 183 nanoparticles ( Figure S18 ). These nanoparticles can generally 184 be separated through centrifugation. 185 The in situ UV−vis spectrum complements the in situ SAXS 186 and ex situ XRD data, showing similar kinetics ( Figure 4C,D) . 187 Within the first 60 min, the absorption intensity at 427 nm did In situ UV−vis spectrum taken at different selfassembly stages in hexane. Inset shows evolution of the absorption peak intensity as a function of self-assembly time. (D) Ex situ XRD intensity of (002) diffraction peak as a function of self-assembly time during self-assembly and disassembly cycles. Figure 4C , the absorption intensity 192 begins to decrease and the absorption position slightly red-193 shifts (from 427 to 429 nm) as a function of self-assembly 194 time. The decrease in attenuation of the light indicates that the 195 nanosheet concentration begins to decrease in solution. We 196 can attribute this decrease in concentration to assembled 197 crystals precipitating out of the solution. The settling down of 198 these crystals is likely due to the increasing mass and 199 decreasing surface area with ligand coverage as the assembly 200 progresses. At the final stage, the weak absorption intensity at 201 429 nm remained unchanged for a continuous 4 h (inset of 202 Figure 4C) , indicating that the assembly has plateaued, and the 203 process is in equilibrium. 204 A unique aspect of this colloidal system is the reversibility of 205 the assembly, which has yet to be achieved with alkylammo-206 nium hybrid RP phase, or solvent-evaporation and Langmuir− 207 Blodgett assembly techniques. The weak van der Waals forces 208 between the building blocks allows for separation using 209 mechanical force. By sonication in a weak polar solvent, the 210 assembled superlattice can be disassembled back into its 211 building blocks. We have tried several different solvents and 212 found that sonication in toluene works the best. Under 213 sonication, for around 15 to 25 min, the building blocks begin 214 to detach from the assembled superlattice ( Figure S19 ). We do 215 note that at intense powers, sonication can break the 216 monolayers due to the soft nature of the halide perovskite 217 lattice. We can see signs of such structural damage in Figure 218 S19E. Within 25 min, most superlattice are exfoliated back into 219 their individual building blocks. The disassembled nanosheets 220 were isolated from toluene by centrifugation, and then 221 redispersed in hexane. Intriguingly, as shown in Figure 4D 222 and Figure S20 , these disassembled building blocks will 223 reassemble back into a similar superlattice structure within 224 120 min, and such self/dis-assembly process can be well 225 recycled for three times in the experiment. 226 The layer-by-layer self-assembly process exhibited in this 227 system is a simple yet robust approach to generate large-scale 228 2D layered halide perovskite superlattices with atomic scale 229 precision. Furthermore, the reversibility of this system gives us 230 a way to systematically test properties that arise as a result of a 231 more ordered system. This system may offer a general pathway 232 for synthesizing other 2D layered superlattice nanomaterials 233 for novel electronic and photonic applications. ( 
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